The discovery of mammalian TLRs (Toll-like receptors), first identified in 1997 based on their homology with Drosophila Toll, greatly altered our understanding of how the innate immune system recognizes and responds to diverse microbial pathogens. TLRs are evolutionarily conserved type I transmembrane proteins expressed in both immune and non-immune cells, and are typified by N-terminal leucine-rich repeats and a highly conserved C-terminal domain termed the TIR [Toll/interleukin (IL)-1 receptor] domain. Upon stimulation with their cognate ligands, TLR signalling elicits the production of cytokines, enzymes and other inflammatory mediators that can have an impact on several aspects of CNS (central nervous system) homoeostasis and pathology. For example, TLR signalling plays a crucial role in initiating host defence responses during CNS microbial infection. Furthermore, TLRs are targets for many adjuvants which help shape pathogen-specific adaptive immune responses in addition to triggering innate immunity. Our knowledge of TLR expression and function in the CNS has greatly expanded over the last decade, with new data revealing that TLRs also have an impact on non-infectious CNS diseases/injury. In particular, TLRs recognize a number of endogenous molecules liberated from damaged tissues and, as such, influence inflammatory responses during tissue injury and autoimmunity. In addition, recent studies have implicated TLR involvement during neurogenesis, and learning and memory in the absence of any underlying infectious aetiology. Owing to their presence and immune-regulatory role within the brain, TLRs represent an attractive therapeutic target for numerous CNS disorders and infectious diseases. However, it is clear that TLRs can exert either beneficial or detrimental effects in the CNS, which probably depend on the context of tissue homoeostasis or pathology. Therefore any potential therapeutic manipulation of TLRs will require an understanding of the signals governing specific CNS disorders to achieve tailored therapy.
Figure 1 TLR localization and signalling
TLR1, TLR2, TLR4, TLR5 and TLR6 are expressed at the cell surface for extracellular ligand recognition, whereas TLR3, TLR7 and TLR9 are localized in the endosomal compartment for the recognition of pathogen nucleic acid motifs. All TLRs, with the exception of TLR3, recruit MyD88, whereas TLR1, TLR2, TLR4 and TLR6 recruit the additional adaptors CD14 and TIRAP, the latter of which links the TIR domain with MyD88. In the MyD88-dependent pathway, MyD88 recruits the IRAK family of proteins which leads to IκB phosphorylation, resulting in the release and nuclear translocation of NF-κB, which influences the expression of numerous inflammatory genes. TLR3 ligands initiate the TRIF-dependent pathway, whereas TLR4 can signal via either MyD88-dependent or TRIF-dependent pathways requiring the additional linker adaptor TRAM, which links the TIR domain of TLR4 with TRIF. In the TRIF-dependent pathway, TRIF interacts with TRAF3 to activate IRF3 and IRF7 and initiate type I IFN production. Alternatively, TRIF can also bind to RIP1 (receptor-interacting protein 1) and TRAF6, and activate NF-κB and MAPK for late-phase (i.e. 24 h) induction of inflammatory gene expression.
OVERVIEW OF TLRs (TOLL-LIKE RECEPTORS)
Innate immunity represents the first line of defence against invading microbes. Unlike the T-and B-cell receptors of the adaptive immune response, which can recognize an infinite antigenic repertoire due to random gene rearrangements, cells of the innate immune system rely on germline-encoded receptors that are directed against broadly defined molecular motifs. These molecular determinants, termed PAMPs (pathogenassociated molecular patterns), are conserved among large classes of micro-organisms and, as such, are unlikely to undergo mutation as they are essential for pathogen survival [1] [2] [3] [4] . These PAMPs are sensed by PRRs (pattern recognition receptors), which comprise multiple receptor families located in both the extracellular and intracellular milieus. One such group of PRRs are TLRs, which are not only critical for eliciting innate immune responses to invading pathogens, but are also important in initiating adaptive immunity [5, 6] . Specifically, TLR engagement on antigen-presenting cells induces cytokine release and co-stimulatory molecule expression, priming these cells for subsequent activation and expansion of antigenspecific T-cells [5] [6] [7] [8] (Figure 1 ).
In addition to detecting molecular patterns associated with many micro-organisms, TLRs have also been implicated in recognizing an array of endogenous molecules termed DAMPs (danger-associated molecular patterns) [3, [9] [10] [11] . In general, most DAMPs are
Figure 2 Expression of TLR family members in CNS cells
Microglia express all TLRs identified to date, whereas astrocytes, oligodendrocytes and neurons express a more limited TLR repertoire in comparison.
sequestered from the immune response; however, during CNS (central nervous system) infection and disease, selfantigens and/or danger signals may be liberated as a consequence of cell death, necrosis or tissue remodelling. The expression of TLRs and related signalling proteins has been demonstrated in all major glial cell types, including microglia, astrocytes and oligodendrocytes, as well as a more limited repertoire in neurons [12] [13] [14] [15] (Figure 2 ). Thus TLR engagement may be elicited by a combination of PAMPs and/or DAMPs during inflammatory CNS disorders.
The TLR family members, 13 described in mice and 11 in humans, can be separated into two broad categories based on their subcellular localization patterns ( Figure 1 ). To date, TLR2 and TLR4 are the best characterized and recognize the microbial motifs PGN (peptidoglycan)/lipoproteins/dectin and LPS (lipopolysaccharide) respectively. These PAMPs are expressed within the pathogen cell wall and are accessible for TLR recognition once they come into contact with the cell surface [2] . TLR1 and TLR6 form heterodimers with TLR2 for the discrimination of triacylated from diacylated lipoproteins respectively. TLR5 is responsible for sensing flagella of motile bacterial species, and TLR11 recognizes pathogenic bacteria commonly associated with urinary tract infections such as uropathogenic Escherichia coli, as well as a profilin-like protein from the parasite Toxoplasma gondii [16] [17] [18] . TLR3, TLR7/TLR8, and TLR9 recognize intracellular pathogen-derived nucleic acid motifs. Specifically, viral infections lead to the generation of dsRNA (double-stranded RNA) or ssRNA (single-stranded RNA) intermediates depending on the pathogen, which can trigger TLR3 and TLR7/8 respectively. In addition, TLR9 recognizes non- Non-methylated CpG-containing oligonucleotide DNA 11 T. gondii profilin and E. coli methylated CpG motifs of bacterial and viral DNA [3, 19, 20] (Table 1) . Although these sequences also occur in mammalian DNA, they are typically methylated and thus do not trigger TLR9-mediated signalling. Following infection, it is likely that these intracellular TLRs serve to amplify responses initially triggered by extracellular TLRs to ensure effective pathogen clearance. In the case of neurodegenerative diseases without evidence of an infectious aetiology, pathological engagement of TLRs by DAMPs may contribute to exacerbated immune responses and enhanced neuropathology. Alternatively, some studies suggest a neuroprotective role for TLR signalling, indicating that the context and intensity of TLR engagement may dictate whether TLRs exert beneficial compared with detrimental properties during CNS disorders. Depending on the particular TLR, receptor engagement can culminate in the induction of NF-κB (nuclear factor κB), MAPKs (mitogen-activated protein kinases) and/or IRF [IFN (interferon)-regulatory factor] signalling pathways, which regulate the expression of a wide array of genes involved in inflammatory responses ( Figure 1 ). The majority of TLRs utilize the central adaptor molecule MyD88 (myeloid differentiation factor 88), with the exception of TLR3, to bridge the receptor to downstream signalling intermediates [2, 21] . TLR activation results in MyD88 recruitment, which is associated with the serine/threonine kinase IRAK {IL-1R [IL (interleukin)-1 receptor]-associated kinase} ( Figure 1 ). Subsequently, IRAK interacts with the TRAF [TNF (tumour necrosis factor)-receptorassociated factor] adaptor protein TRAF6 and provides a link to NIK (NF-κB-inducing kinase). NIK then phosphorylates IKK [IκB (inhibitory κB) kinase], leading to IκB phosphorylation. IκB phosphorylation targets the protein for ubiquitination and proteasomemediated degradation, resulting in the release and nuclear translocation of NF-κB, whereupon it can influence the expression of numerous immune response genes. In addition to MyD88, alternative adaptor molecules have been identified that initiate responses emanating from TLR3 and TLR4 [2] . These MyD88-independent adaptors include TRIF [TIR (Toll/IL-1R) domaincontaining adaptor protein inducing IFN-β]) and TRAM (TRIF-related adaptor molecule), which are pivotal for the expression of IFN-inducible genes following TLR4 activation [2, 22, 23] . TRIF is also required for TLR3-mediated signalling in response to dsRNA and is responsible for the induction of type I IFNs (i.e. IFN-α and IFN-β), which are a hallmark of the host innate immune response to viral infection ( Figure 1) .
Following receptor engagement, TLRs initiate signalling cascades that lead to the production of a wide array of pro-inflammatory mediators, including reactive oxygen/nitrogen intermediates, cytokines and chemokines [24] [25] [26] . In general, the net effect of TLR signalling during CNS infection is to facilitate innate immune activation, as well as to recruit and activate various immune cell populations. However, it is important to acknowledge that the outcomes of TLR signalling in response to endogenous 'danger' signals may elicit a different secretory response tailored to the type of insult. In the present review, we will discuss TLRs in CNS health and disease, focusing on the mechanisms and therapeutic potential of TLRs in the brain.
TLR EXPRESSION AND FUNCTION IN CNS INTRINSIC CELL TYPES
It is probable that multiple PRRs are employed to elicit a maximal response to infectious agents. For instance, intact bacteria probably engage TLRs in addition to phagocytic receptors on microglia that facilitate pathogen clearance. The potent pro-inflammatory response that ensues after TLR ligation recruits professional phagocytes from the peripheral circulation that are essential for the genesis of innate immune responses to infection. Conversely, it is possible that PAMPs released from dead bacteria, as well as DAMPs liberated during tissue injury, result in the false detection of an active infection by innate immune cells through continual TLR ligation, even though no viable infectious agents remain. Thus therapeutic strategies designed to halt this cyclical activation cascade would be expected to circumvent prolonged insult to normal parenchyma associated with infected and damaged tissues.
Microglia
Microglia are the resident innate immune cell population in the CNS parenchyma, capable of recognizing a wide array of infections agents [27] . Microglia sense pathogens through a cadre of various PRRs, including TLRs, NLRs (Nod-like receptors) and scavenger receptors. The focus of the present review is to summarize the current knowledge base regarding TLR expression and function during CNS disease and homoeostasis. The reader is referred to other excellent reviews covering alternative PRR families [28] [29] [30] [31] .
Microglia express all known members of the TLR family identified to date. Microglia constitutively express TLR2 [32] [33] [34] [35] [36] [37] [38] [39] and are capable of recognizing numerous TLR2 ligands, including lipoproteins and the synthetic lipoprotein analogue Pam 3 Cys (tripalmitoyl-S-glycerylcysteine), as well as LTA (lipoteichoic acid) and PGN [32, 35, [40] [41] [42] . Our group was the first to report that TLR2 plays a functional role in PGN recognition using primary microglia isolated from TLR2-KO (knockout) mice [37] . Interestingly, although TLR2 is essential for PGN recognition in primary microglia, we found that microglial responses to intact Grampositive bacteria were largely TLR2-independent, with the exception of the IL-12 family members, which were reproducibly elevated in TLR2-KO microglia [37] . These results suggest that alternative receptors are involved in signalling pro-inflammatory mediator production in response to intact Staphylococcus aureus. Indeed, recent studies from our laboratory have identified that intact bacteria trigger TLR9 activation, which, in the absence of TLR2 signalling, leads to the unchecked production of IL-12 family member cytokines (M. Holley and T. Kielian, unpublished work).
Microglia express TLR3 [35, 38] and respond to the synthetic TLR3 agonist poly(I:C) and TMEV (Theiler's murine encephalomyelitis virus) with elevated immune receptor expression, as well as the production of select cytokines, including IFN-β, IL-1β and IL-6 [35] . Interestingly, TLR3 expression does not appear to be regulated by poly(I:C) in microglia, which differs from other TLRs, where receptor levels are augmented following exposure to their natural ligands [35, 37] . LPS has long been recognized as a potent stimulus for microglial activation; therefore it follows that numerous studies have reported TLR4 expression on microglia [33, 35, 38, [42] [43] [44] [45] [46] . The use of microglia from TLR4-deficient mice has allowed the direct demonstration that this receptor is responsible, in part, for microglial activation in response to LPS [47, 48] . Several reports have demonstrated that microglia express TLR9 and respond to CpG DNA with the robust production of numerous pro-inflammatory mediators [35, [49] [50] [51] [52] . Related to the ability of CpG DNA to induce pro-inflammatory mediator release, CpG ODN (oligodeoxynucleotide)-stimulated microglia were found to induce neuronal cell death in a neuron-microglia co-culture paradigm [51] . This microglial-mediated neuronal toxicity following CpG ODN treatment is reminiscent of what is observed following stimulation with the TLR4 agonist LPS [53] , suggesting, in part, the conservation of microglial responses to diverse PAMPs and a link between TLRs and neurodegeneration. TLR7 and TLR8 are highly homologous and important for immune responses elicited by GUrich ssRNA, as well as synthetic chemicals including imidazoquinoline compounds (i.e. imiquimod and resiquimod) and guanosine analogues [54] [55] [56] . Both TLR7 and TLR8 are expressed in microglia [35, 38] , and recent studies have demonstrated the importance of TLR7 signalling in regulating microglial pro-inflammatory mediator expression and cross-talk with TLR9 [57] .
In contrast with TLR2, TLR4, TLR7/TLR8 and TLR9, fewer studies have been performed characterizing the functional activity of alternative TLRs expressed by microglia. Although microglia also express TLR1, TLR5, TLR6, TLR10 and TLR11, to our knowledge, little is known regarding the functional significance of these receptors by studying KO microglia. TLR10 is an orphan member of the TLR family and has recently been described to form homodimers, as well as heterodimerize with TLR1 and TLR2 [58] . The expression of TLR10 appears to be rather restricted, with only B-cells and specialized dendritic cell subsets demonstrating expression [58] . Mouse TLR11 is involved in the recognition of uropathogenic bacteria (such as E. coli) as well as a profilin-like molecule of T. gondii, whereas the human receptor is non-functional because of the presence of a stop codon [16] [17] [18] . Although these TLRs reportedly have limited and unique expression patterns, a study has demonstrated their presence in the normal CNS and following parasitic infection [59] .
Although we are beginning to understand the functional consequences of TLR signalling in microglia, there is relatively little information available addressing how microglia are able to discriminate between TLR signals and tailor their responses to be appropriate in intensity and duration for a given inciting stimulus. For example, all TLRs elicit NF-κB activation; however, the types of responses required for bacterial killing compared with Aβ (amyloid β) recognition are expected to differ greatly. In addition, mechanisms must exist to enable microglia to discriminate between extracellular and intracellular bacteria, even though many common TLRs are triggered in both scenarios. The concept of tailoring TLR responses appropriate for the stimulus context is an area where additional studies are needed.
Astrocytes
Astrocytes are the major glial cell type in the CNS and can also participate in inflammatory responses. Astrocytes express a more limited TLR repertoire (Figure 2 ), which probably stems from the fact that they are not classical immune cells based on their neuroectodermal origin, but can contribute to inflammation if necessary. Indeed, astrocytes are recognized as a prevalent source of chemokines following CNS insult/infection [60] .
Several studies have demonstrated TLR2 expression in primary mouse astrocytes that was augmented following treatment with various PAMPs [61] [62] [63] . Our laboratory was the first to demonstrate that TLR2 is pivotal for astrocyte recognition of both intact S. aureus as well as PGN [63] . A recent study has demonstrated that prior exposure of astrocytes to pro-inflammatory stimuli leads to augmented TLR2 expression and subsequent hyper-reactivity following treatment with TLR2 ligands [64] . These findings have implications for ongoing inflammatory responses and may have identified a pathological feedback loop that perpetuates CNS inflammation. Astrocytes also express TLR3 and are responsive to the TLR3 agonist poly(I:C), as evident by the production of several pro-inflammatory mediators [15, 38, 62, 65] . Gene profiling of activated astrocytes demonstrated that TLR3 signalling induced a comprehensive neuroprotective response, typified by the expression of numerous neuroprotective mediators and several other molecules that regulate cellular growth, differentiation and migration, rather than a polarized proinflammatory reaction [66] .
In contrast with microglia, TLR4 expression in astrocytes appears more controversial. Specifically, several groups have been unable to demonstrate astrocytic TLR4 expression in vitro [15] or in vivo [43, 46, 53] ; however, others have been able to detect low constitutive expression of TLR4 in astrocytes that is increased upon cell activation [38, 61, 62, 67] . The reasons for these discrepancies are not clear, but could be the result of species-specificity or differences between in vitro and in vivo experiments, sensitivity of TLR detection methods, whether astrocytes are exposed to microglia prior to analysis and/or astrocyte purity. The latter is of particular concern given the notorious nature of microglia to hide beneath astrocyte monolayers in culture [68] . Approaches designed to obtain highly purified astrocytes (i.e. FACS or magnetic bead purification) may help to resolve these issues.
Astrocytes also express TLR9 and are responsive to CpG ODN [49, 61, 62, 69, 70] . CpG ODN treatment of astrocytes induced p38 MAPK activation and subsequent iNOS (inducible NO synthase) expression, which was found to be MyD88-dependent since these effects were not observed in primary astrocytes isolated from MyD88-KO mice [69] . Further investigation into the signal transduction pathways triggered in astrocytes following CpG ODN exposure revealed the activation of IKK and JNK (c-Jun N-terminal kinase), the latter of which was shown to be pivotal for inducing cytokine and chemokine expression [70] . Astrocytes have also been reported to express TLR1, TLR5, TLR6 and TLR7/8, although less information is available regarding their functional roles [57, 61, 62, 69] . A recent study has demonstrated a functional role for TLR7 signalling in astrocyte activation and cross-talk with TLR9 pathways to regulate inflammatory mediator expression [57] .
Oligodendrocytes
Compared with microglia and astrocytes, the TLR repertoire of oligodendrocytes is even more limited with cells reported to express TLR2 and TLR3 [38, 46, 71, 72] ( Figure 2 ). The exact role of TLRs in oligodendrocytes remains unclear, but they may be involved in CNS repair by regulating inflammation, gliosis and myelin sparing after injury [73, 74] . Indeed, TLR2-KO and TLR4-deficient mice displayed reduced myelination following SCI (spinal cord injury), suggesting that both receptors are necessary for proper remyelination. However, studies from the same group reveal differential effects of intraspinal microinjection of the TLR2 and TLR4 ligands zymosan and LPS respectively, suggesting that TLR2 activation is not always neuroprotective and most probably depends on the CNS site and local microenvironment [74, 75] .
Neurons
Studies have provided evidence that CNS neurons primarily express intracellular TLRs, namely TLR3, TLR7/TLR8 and TLR9, suggesting a role for TLRs during both physiological and pathological conditions [14, [76] [77] [78] [79] . Neurons have also been reported to express TLR4, which interacts with CD14 and either MD-1 or MD-2 at the cell surface [80, 81] ; however, the functional impact of TLR4 signalling in neurons remains to be determined.
In addition to the inflammatory roles of TLRs, these receptors are now known to have an impact on developmental regulation. For example, ex vivo treatment of embryonic cortical neurospheres with poly(I:C) reduced the number of proliferating cells and NPC (neural progenitor cell) formation; however, this effect was not observed in neurospheres prepared from TLR3-KO mice [82] . Likewise, TLR2 activation inhibited embryonic NPC proliferation, whereas TLR8 signalling attenuated neurite outgrowth and induced apoptosis [83, 84] . Collectively, these findings reveal a novel role for TLRs as regulators of NPC proliferation during development. However, the effects of TLR activation appear distinct between mature neurons compared with NPCs. For example, TLR2 activation in vitro promotes neuron differentiation, whereas TLR4 signalling inhibits neuronal differentiation and selfrenewal of NPCs [85] . Likewise, TLR2-KO mice exhibited impaired hippocampal neurogenesis in vivo, whereas TLR4-deficient mice demonstrated enhanced NPC proliferation and neuronal differentiation [85] . The impact of TLR signalling on CNS stem cell populations will be an intriguing area for future investigation based on the interest to manipulate these processes for therapeutic treatment of neurodegenerative disorders such as AD (Alzheimer's disease) and PD (Parkinson's disease).
ROLES FOR TLRs DURING CNS INFECTION

Impact of TLRs during bacterial meningitis
Bacterial meningitis is an acute purulent infection of the leptomeninges and subarachnoid space. The introduction of antibiotics and childhood vaccinations has reduced the incidence and severity of bacterial meningitis; however, morbidity and mortality rates still remain high, particularly in underdeveloped countries [86] . The normal CSF (cerebrospinal fluid) milieu, which bathes the leptomeninges and subarachnoid space, is typically immunologically quiescent and inefficient at rapidly responding to bacterial infections. This is due to multiple factors, including a paucity of professional phagocytes for immediate bacterial recognition, low levels of opsonizing proteins and capsule-specific antibodies, in addition to the expression of immunosuppressive molecules that can impede pathogen uptake and/or killing [87] .
Bacterial meningitis can be caused by numerous pathogens including Neisseria meningitidis, Streptococcus pneumoniae, Strep. agalactiae, E. coli, Listeria monocytogenes and Mycobacterium tuberculosis. Once pathogens have penetrated the subarachnoid space via the blood-CSF barrier, the inherent immune impaired nature of the CSF compartment allows for rapid bacterial replication. The host immune response is not activated until pathogen density becomes relatively high [88] . Numerous studies have established that the host immune response during meningitis, rather than the infectious agent itself, is largely responsible for the extensive tissue damage that occurs during infection [89, 90] . Therefore therapies need to be directed towards both pathogen eradication with antibiotics, as well as preventing the injurious effects of the ensuing immune response. The latter is currently achieved with steroid treatment; however, this is a rather non-specific approach and the targeting of specific harmful pathways cannot be realized.
Immune recognition of Strep. pneumoniae occurs via the co-ordinated action of multiple TLRs. TLR2 senses the bacterial cell wall components LTA and PGN as well as lipoproteins [39, 91, 92] , whereas TLR4 mediates the immune response to pneumococci through its interaction with pneumolysin, a major virulence determinant of the organism [93, 94] . TLR9 has been implicated as another sensor for live Strep. pneumoniae via bacterial DNA recognition [95] . Further evidence of TLR cooperativity is revealed by the fact that a single deficiency of TLR2, TLR4 or TLR9 causes only selective and relatively modest reductions in cytokine production by pneumococci-stimulated immune cells [95, 96] , whereas the combined loss of all three TLRs is essential for antibacterial immunity and recapitulates the phenotype of cells lacking the central TLR adaptor MyD88 [97, 98] .
TLRs are also important for initiating host immunity in response to other bacterial meningitis strains. Namely, TLR2, TLR4 and TLR9 participate in N. meningitidis recognition [95] ; however, Neisseria can also trigger immune cell activation in the absence of TLRs, suggesting that TLR-independent signalling pathways also contribute to Neisseria detection. With regard to other meningitis aetiological agents, TLR2 and possibly TLR7 and/or TLR8 have been implicated in sensing the group B Streptococcus Strep. agalactiae [99] . In addition, TLR2 and TLR5 have been shown to recognize LTA and flagellin from L. monocytogenes [100] [101] [102] . Collectively, these in vitro studies have demonstrated that distinct and often overlapping sets of TLRs, as well as other PRRs not discussed in the present review, are used to sense major meningeal pathogens.
Some disagreement exists with regard to the functional impact of specific TLR pathways during bacterial meningitis, although, collectively, the available data favour the action of multiple TLR pathways for eliciting maximal antibacterial immunity. For example, mice lacking TLR2 demonstrated increased bacterial burdens and TNF-α levels, which correlated with enhanced BBB (blood-brain barrier) disruption [103] . However, in a separate study, TLR2 only had an impact on early infection, whereas later stages of disease were not affected [104] . A more severe phenotype in MyD88-KO mice implicated other TLRs/IL-1R/IL-18R (IL-18 receptor) during meningitis [105] . This concept was reinforced in a subsequent study where TLR2 and TLR4 individually were found to play crucial roles in host defence and immune activation during Strep. pneumoniae meningitis [98] . However, the fact that immune responses in infected TLR2/TLR4-double-KO mice were less impaired compared with MyD88-KO animals suggests that the more severe phenotype in the latter may be attributed, in part, to the loss of IL-1R and/or IL-18R signalling. Indeed, IL-1 and IL-18 are major cytokine products elicited by TLR signalling, and both cytokines have been shown to impact the course of bacterial meningitis [106, 107] . Therefore TLR signalling by meningeal pathogens not only requires MyD88, but the adaptor is also essential for transducing signals emanating from IL-1R and IL-18R, representing a positive-feedback loop to augment inflammatory mediator production.
With regard to Gram-negative meningeal pathogens, both the TLR4-and MyD88-dependent pathways are critical for microglial responses to Citrobacter koseri. Specifically, pro-inflammatory mediator release was significantly reduced in both TLR4 mutant and MyD88-KO primary microglia following C. koseri exposure [108] . In contrast, MyD88, but not TLR4, proved critical for CNS C. koseri infection in vivo. MyD88-KO mice were exquisitely sensitive to C. koseri, demonstrating enhanced mortality rates and significantly elevated bacterial burdens compared with WT (wildtype) animals [108a] . Interestingly, although early proinflammatory mediator release was MyD88-dependent, a role for MyD88-independent signalling was evident within 24 h, revealing a compensatory response to CNS C. koseri infection. In contrast, TLR4 did not have a significant impact on bacterial burdens or proinflammatory mediator production in response to C. koseri. Similar findings were obtained with primary astrocytes, where MyD88-dependent pathways were essential for chemokine release in response to intact C. koseri, whereas TLR4 was dispensable; implicating the involvement of alternative TLRs since highly enriched astrocytes did not produce detectable IL-1 upon bacterial exposure, which also signals via MyD88 [108a] .
Collectively, these findings demonstrate the importance of MyD88-dependent mechanisms in eliciting maximal pro-inflammatory responses, astrocyte activation and bacterial containment during CNS C. koseri infection, as well as a late-phase MyD88-independent signalling pathway for cytokine/chemokine production. These findings indicate that numerous TLRs are responsible for eliciting maximal pro-inflammatory responses and bacterial containment during C. koseri infection. The identity of these receptors remains unknown, but could involve the actions of TLR5, since Citrobacter is a flagellated species, or TLR9 via recognition of CpG DNA.
In summary, TLRs are critical triggers of the immune response during meningitis, with TLR signalling representing a key pathway for inflammatory mediator production. Owing to dysregulated inflammatory cascades that have been implicated in the pathophysiology of bacterial meningitis, interference with TLR activity may represent a strategy for damping meningeal inflammation and improving disease outcome. However, murine meningitis models clearly demonstrated that disruptions in MyD88 or TLR2/TLR4 were detrimental to the host; therefore the risk of uncontrolled infection as a consequence of impaired bacterial eradication during TLR antagonist therapy may surpass any potential benefit. Thus any potential antagonist therapies must be appropriately scrutinized.
Impact of TLRs in bacterial brain abscess formation
Brain abscesses differ from meningitis in several respects. The most obvious being the site of infection, with abscesses localized within the parenchyma in contrast with meningitis, which occurs in the subarachnoid space. Inherent to this dichotomy is the fact that the resident immune cells available to immediately respond to infection differ dramatically. Specifically, resident microglia and astrocytes are activated within hours following parenchymal infection, whereas immune responses elicited by resident macrophages in the meningeal space are delayed due to the immune impaired nature of the CSF. The fact that microglia express all of the TLRs identified to date implicates these cells as key sensors of bacterial invasion in the CNS parenchyma prior to peripheral immune cell recruitment [109, 110] . In addition, although astrocytes express a more limited array of TLRs, these cells are also capable of contributing to parenchymal immune responses and represent an important source of chemokines [60] .
Brain abscesses are elicited by pyogenic bacteria and are typified by widespread oedema and necrosis. Regardless of the inciting pathogen, the infected area becomes surrounded by a fibrotic capsule in an attempt to contain the infection and minimize additional bystander damage to surrounding brain parenchyma. Brain abscesses account for one in every 10 000 hospital admissions in the U.S.A. of an infectious disease nature, with the main aetiological agents being streptococcal strains and Staph. aureus [111] [112] [113] [114] . Brain abscesses most frequently develop from bacterial emboli originating from systemic sites of infection that become trapped within the cerebral vasculature [111] . However, additional modes of infection can also occur, including direct penetrating trauma, complication of neurosurgery [115, 116] , or from proximal infections within the ear, sinuses or teeth [117] . Compounding the severity of these infections is the emergence of antibiotic-resistant strains of bacteria, which are becoming more commonly associated with brain abscesses [112, [118] [119] [120] [121] .
To date, the number of studies investigating TLR pathways triggered by intact bacteria in microglia is limited, with the majority of reports utilizing purified PAMPs. We argue that it is important to query cellular responses to live pathogens, as well as PAMPs, since the former may elicit distinct profiles based on the impact of virulence factors produced by viable organisms. To this effect, previous work from our laboratory revealed that, although TLR2 is pivotal for PGN recognition, inflammatory cytokine expression in response to intact Staph. aureus was qualitatively similar [122] . However, one exception was IL-12p40, which was exaggerated in microglia from TLR2-KO animals following exposure to intact Staph. aureus [122] . We have recently found that the ability of intact bacteria to augment IL-12 family member expression in microglia from TLR2-KO animals was specific for Gram-positive organisms, since numerous Gram-negative strains were unable to elicit exaggerated responses (M. Holley and T. Kielian, unpublished work). Inhibition of PI3K (phosphoinositide 3-kinase), MAPK and JNK signalling was capable of restoring exaggerated IL-12p40, IL-12p70 and IL-27 expression to levels observed in WT cells. Additionally, a TLR9 antagonist ablated the exaggerated IL-12 response in microglia from TLR2-KO animals, suggesting that TLR9 drives cytokine production following exposure to intact bacteria that remains unchecked in the absence of TLR2 signalling (M. Holley and T. Kielian, unpublished work) These findings have identified a novel pathway of TLR cross-talk and highlight the importance of examining cellular responses to intact bacteria in addition to purified PAMPs, since the former is more reflective of events encountered during CNS bacterial infection in vivo.
In contrast with TLR2, MyD88 expression is essential for microglial activation in response to both intact Staph. aureus and PGN, suggesting that other TLRs or autocrine/paracrine actions of cytokines that utilize MyD88, such as IL-1 and IL-18, are involved in eliciting maximal immune responses to additional PAMPs found in Staph. aureus [37, 123] . The dichotomy between TLR2 and MyD88 phenotypes in microglia following Staph. aureus exposure is highly reminiscent of the relevant importance of each molecule during brain abscess formation in vivo [37, 124] and highlights the importance of microglia in sensing infection. Indeed, evidence to support a key role for CNS intrinsic cells in eliciting protective immunity to Staph. aureus infection was recently demonstrated by our laboratory using MyD88 bone marrow chimaeras [109] .
Studies using a mouse experimental brain abscess model have revealed complex roles for TLRs in disease pathogenesis [125] [126] [127] . Interestingly, TLR2 had a limited impact on the innate immune response during the acute stage of brain abscess formation induced by Staph. aureus, but influenced several aspects of adaptive immunity. This was reflected by elevated IL-17 expression in TLR2-KO mice, which correlated with a significant increase in IL-17-producing T-cells [37, 122, 125] . Further analysis of abscess-associated T-cell populations in TLR2-KO mice revealed an increase in both NKT (natural killer T) and γ δT-cell infiltrates following CNS Staph. aureus infection [126] , and both populations produced more IL-17 and IFN-γ compared with WT cells. It has been proposed that this heightened IL-17 response in TLR2-KO mice functions as a compensatory mechanism to control brain abscess pathogenesis, which appears plausible since IL-17 is a potent inducer of neutrophil chemokines and neutrophils are essential for bacterial containment in brain abscesses [128] [129] [130] . Macrophages represent one potential target of IL-17 action, since the cytokine was found to enhance TNF-α-induced CXCL2 (CXC chemokine ligand 2) and CCL2 (CC chemokine ligand 2) expression, whereas glia were rather non-responsive to IL-17 [125] .
Separate studies by Stenzel et al. [127] have also shown a role for TLR2 and TLR4 in Staph. aureus-induced brain abscesses. Specifically, TLR2-and TLR4-KO mice demonstrated increased mortality rates concomitant with impaired bacterial clearance and enhanced immune cell recruitment into the infected CNS [127] . Although our initial report with TLR2-KO mice described no differences in bacterial burdens, a subsequent study confirmed the findings from Stenzel et al. [127] , where Staph. aureus titres were elevated in brain abscesses of TLR2-KO animals [126] , which probably stemmed from the use of different Staph. aureus strains. Namely, our earlier report utilized a laboratory-adapted strain, whereas recent studies have utilized a Staph. aureus isolate that was recovered from a patient who died of a brain abscess [131] . Similarly, a clinical Staph. aureus isolate was utilized by Stenzel et al. [127] , providing further support of this possibility. It is more difficult to envision the mechanism of TLR4 action during Staph. aureus-induced brain abscess development since this is a Gram-positive organism that lacks the TLR4 ligand LPS. However, one possibility is that TLR4 recognizes endogenous 'danger' signals released during necrosis. Indeed, numerous endogenous ligands have been identified for TLR4, including fibronectin fragments and heat-shock proteins [2] .
Unlike the more subtle phenotypes observed with TLR2, the TIR adaptor MyD88 is essential for generating a protective immune response during brain abscess development. Specifically, MyD88-KO mice were exquisitely sensitive to infection, succumbing within 48 h following bacterial exposure [124] . This was associated with global impairments in pro-inflammatory cytokine and chemokine production, resulting in a failure to recruit significant numbers of neutrophils and macrophages into the parenchyma [124] . This severe phenotype is probably due to the simultaneous loss of several key MyD88-dependent receptors, including multiple TLRs as well as the IL-1R and/or IL-18R. Evidence to support a role for IL-1R signalling is provided by the finding that IL-1-KO animals also demonstrated increased mortality and bacterial burdens compared with WT animals [132] . In addition, recent studies from our laboratory have established that IL-1R-KO mice are also highly sensitive to CNS Staph. aureus infection, with animals succumbing to infection within 18-24 h, concomitant with significant decreases in neutrophil and macrophage influx into the brain and elevated bacterial burdens (J. Xiong and T. Kielian, unpublished work). Of note, we have not found an important role for TLR9 signalling during brain abscess development (T. Kielian, unpublished work). Collectively, these results suggest that TLR2 and IL-1R signalling are pivotal in regulating the antibacterial inflammatory response during brain abscess development. It is envisioned that understanding the roles for TLRs in both resident CNS glia, as well as infiltrating immune cells, will provide insights into how the immune response to bacterial infection can be tailored to achieve effective pathogen destruction without inducing excessive bystander damage of surrounding brain parenchyma. The relative impact of individual TLRs in CNS intrinsic compared with extrinsic cells can be achieved with the use of radiation bone marrow chimaera mice, an approach we have recently used to establish the critical importance for MyD88-dependent signalling in CNS resident cells for the generation of a WT immune response during brain abscess development [109] .
Impact of TLRs during viral infection
Four TLRs, namely TLR3, TLR7, TLR8 and TLR9, recognize viral nucleic acids and are localized primarily in endosomal compartments [2] . As mentioned above, TLR3 senses dsRNA, TLR7/TLR8 recognizes ssRNA and TLR9 engages non-methylated CpG motifs characteristic of microbial DNA. To date, the majority of work investigating the importance of TLRs in viral infections affecting the CNS has focused on TLR3 activation. In addition to sensing dsRNA viruses, TLR3 may also detect dsRNA intermediates that form during the replication cycle of ssRNA and DNA viruses [133, 134] . TLR3 and TLR7 can also recognize host RNA released following tissue damage, which has been implicated in autoimmunity [135, 136] . TLR3 utilizes the adaptor protein TRIF to elicit type I IFN production necessary for antiviral responses, whereas TLR7 signals via MyD88 [133, 137] .
HSV (herpes simplex virus)-1 infections are widespread and seropositivity may exceed 70 % of the world population [138] . The virus is transmitted primarily by contact between skin or mucosa with contaminated oral secretions. Primary infections are usually acquired during childhood and often present as mild self-limiting pharyngitis or are asymptomatic. However, in rare cases, HSV-1 can spontaneously spread to the brain, causing herpetic encephalitis, a dangerous infection that can lead to death [139] [140] [141] [142] . After HSV-1 replicates in the skin and mucosa, it reaches dorsal root ganglia termini, whereupon the virus is intraxonally transported to the TG (trigeminal ganglia), where it becomes latent. HSV-1 can be reactivated by numerous stimuli, including psychological stress, UV irradiation and/or trauma [143] [144] [145] . These infections can be very severe and painful, and are often a cause of morbidity in immunocompromised individuals with cancer, AIDS and severe burns, and patients receiving immunosuppressive therapies [146] .
Studies have shown that HSV infection signals via TLR2, TLR4 and TLR9 to elicit chemokine synthesis and regulate immune responses in the TG and brain [147, 148] . Specifically, TLR2-and TLR4-KO mice were unable to produce MCP-1 (monocyte chemoattractant protein-1)/CCL2 following HSV-1 exposure. This coincided with a reduction in immune cell infiltrates at the site of infection and increased viral load [147, 149] . Indirect evidence for TLR2 and TLR9 in a rat model of HSV encephalitis was demonstrated by the finding that rat strains which are permissive for viral infection did not display elevations in TLR2 and TLR9 expression, whereas strains resistant to viral infection did [150] . This heightened expression of TLR2 and TLR9 is most likely explained by increased phagocyte recruitment into the CNS, as HSV-susceptible rat strains showed delayed phagocytic cell infiltration into sites of infection. A separate study demonstrated that TLR2 and TLR9 act in a synergistic manner to influence innate antiviral responses and protect against HSV-1 infection in the brain [151] . Therefore it appears as if TLRs modulate HSV-1 invasion, as TLR deficiencies lead to defects in inflammation and phagocyte recruitment, which consequently allows virus entry into the CNS from peripheral tissues [152] .
WNV (West Nile virus) is another CNS tropic virus that requires TLR3 for BBB penetration and subsequent CNS invasion [153] . WNV has a predilection for CNS colonization by its ability to traverse endothelial cell tight junctions and astrocyte end feet at the BBB. The mechanism of TLR3 action occurs in the periphery, whereby TLR3 signalling augments systemic TNF-α levels, which led to a transient increase in BBB permeability and permitted virus invasion into the CNS [153] . However, a separate report has demonstrated that TLR3 offered protection against WNV encephalitis [154] . The reasons for these discrepancies are not clear, but may result from differences in viral propagation methods or infectious inoculums utilized. MyD88-KO mice were highly susceptible to WNV infection with impaired immune cell recruitment, suggesting the co-ordinated action of multiple TLRs and/or IL-1R/IL-18R [155] . A recent study has implicated the TIR-containing adaptor protein SARM (sterile α and HEAT/Armadillo motif) in CNS WNV infection. SARM is preferentially expressed in CNS-resident cells, and a report utilizing SARM-KO mice has demonstrated that WNV replication is markedly increased only in the brainstem of these animals, which was associated with enhanced mortality [156] . SARM deficiency was also linked to reduced TNF-α expression, and it appears that SARM functions to restrict viral infection and neuronal injury in a brain region-specific manner, most likely by modulating the activation of resident CNS inflammatory cells [156] .
Impact of TLRs during CNS parasitic infections
Parasite infections affecting the CNS are a major cause of morbidity and mortality worldwide and discovering novel therapies to control these infections requires an understanding of tissue-specific host responses [157] . A growing body of literature indicates that TLRs modulate host inflammatory responses to CNS parasitic infections, such as sleeping sickness, toxoplasmosis, river blindness and neurocysticercosis [77, [158] [159] [160] . Interestingly, TLR activity can exert differential effects depending on the context of infection, which further complicates the interpretation of their role. For example, TLR activation can be important for parasite clearance and host survival; however, TLR-mediated responses are also capable of exacerbating disease severity and subsequent tissue damage [157] .
In a murine model of neurocysticercosis, the expression of nearly all TLRs was up-regulated in the brain during infection [77] . TLR expression was differentially distributed among various CNS intrinsic and infiltrating cell types, with TLR2 localized to resident CNS cells, particularly astrocytes, whereas TLR1 and TLR9 were primarily expressed in infiltrating leucocytes. These findings suggested the potential involvement of numerous TLRs in modulating CNS immune responses to the parasite. Surprisingly, MyD88-KO mice displayed decreased disease severity and less mortality compared with WT animals in the neurocysticercosis model [161] . CNS tissues of MyD88-KO mice revealed less parenchymal damage and lacked prominent microglial and astrocyte activation that is typically seen during infection of WT animals. Likewise, infected MyD88-KO animals exhibited reduced numbers of infiltrating immune cells and less TNF-α, IFN-γ and IL-6 production compared with WT mice. The latter could explain why BBB integrity was less severe in MyD88-KO mice following parasite exposure. Together, these findings suggest that MyD88-mediated signals play a critical role in the hyper-inflammatory response that contributes to neuropathology and disease severity during neurocysticercosis [161] . Whether this is mediated by the individual or combined actions of TLRs, IL-1R or IL-18R remains to be determined.
In a murine model of CM (cerebral malaria), CNS pathology was shown to be MyD88-dependent, but was not affected by single deficiencies in TLR1-TLR4, TLR6, TLR7 or TLR9 signalling [162, 163] . Similar findings were obtained with mice deficient in the adapter proteins MyD88, TIRAP (TIR-domaincontaining adaptor protein) and TRIF, as well as triple TLR2/TLR4/TLR9-deficient mice, suggesting that innate immune activation and CM development involves the co-ordinate action of multiple TLR signalling pathways. In contrast, other reports have demonstrated that MyD88-dependent signalling is deleterious during CM, as shown by increased survival of MyD88-KO animals, but not TRIF-KO animals, the latter of which signals via a MyD88-independent pathway [164] . Another study has suggested that development of lethal CM is influenced by the genetic background of MyD88-KO mice [165] . Specifically, MyD88 deletion on the susceptible C57BL/6 background resulted in resistance to CM, whereas removal of MyD88 on the resistant BALB/c background led to increased mortality. The mechanism(s) responsible for this strain-dependent outcome appear to involve effects of TLR signalling on cytokine production and Treg (regulatory T-cell) numbers [165] .
In summary, TLR activation during the course of CNS parasitic infections can be seen as a 'double edged sword', capable of benefiting the host as well as contributing to CNS pathology. This highlights the dual role for TLRs during CNS infections, first to facilitate the initial response to the invading pathogen and secondly, by recognizing newly liberated self-molecules resulting from tissue injury. Some of these endogenous molecules may further trigger TLR activation and exacerbate inflammation, resulting in bystander destruction of surrounding parenchyma.
EVIDENCE FOR TLRs IN NEURONAL INJURY
Ischaemic brain injury typically arises following arterial embolism, culminating in the loss of blood flow to a specific brain region [166] . The resultant metabolic stress from nutrient deprivation induces widespread cell death [167] . In addition, tissue surrounding the ischaemic core, referred to as the penumbra, is also affected by inflammation [168] . The regulation of inflammation after stroke is complex, involving numerous cellular processes in different cell types. Infarcted brain tissue is typified by neutrophil and macrophage infiltrates and glial activation at the site of injury, as well as in the surrounding penumbra. Several groups have demonstrated a role for TLRs in the brain following neuronal injury, which suggests a more diverse role beyond pathogen recognition.
TLR expression increases during inflammatory conditions associated with the cerebral vasculature, such as aneurysm [169] . For example, TLR4 expression on cerebral vascular endothelium increases following subarachnoid haemorrhage, and TLR4 deficiency has been shown to be important in the recruitment of neutrophils expressing MPO (myeloperoxidase) following transient focal cerebral ischaemia [170, 171] . Both TLR2 and TLR4 have been implicated in mediating neuronal death during stroke, as infarct size was significantly reduced in TLR2-and TLR4-KO mice [172] [173] [174] . In contrast, TLR3 and TLR9 do not appear to have an impact on stroke pathogenesis [174] . Microglia have been implicated as mediators of neuronal death following stroke, since microglial TLR2 expression is enhanced during experimental ischaemia [76] . However, whether increased microglial TLR2 expression was simply a general marker of inflammation or had a functional impact on disease remains to be determined. Evidence to support the latter was provided by the fact that infarct size, neurological deficits and neuronal damage were significantly attenuated in TLR2-and TLR4-KO mice compared with WT animals following ischaemia/reperfusion injury [76] . However, a report has demonstrated that disruption of MyD88 or TRIF signalling did not have an impact on infarct size in a mouse model of middle cerebral artery occlusion or neuronal viability following oxygen-glucose deprivation in vitro, suggesting that alternative adaptors are responsible for mediating TLR signalling in cerebral ischaemia [175] . Collectively, these studies implicate TLRs in exerting detrimental effects following stroke. The identity of the endogenous molecular triggers responsible for TLR activation in the context of stroke have yet to be defined, but are probably numerous based on the extensive inflammation and neuronal injury that ensues following the ischaemic event.
ALZHEIMER'S DISEASE
Several changes in the brain have been associated with aging, including a progressive increase in the basal neuroinflammatory state and elevations in innate immune receptor expression, as well as the appearance of dystrophic microglia with fragmented processes [176] [177] [178] . The reasons for these changes are currently unknown, but conceivably could represent an adaptive response to aging which progresses over time. Indeed, microglial phagocytosis of Aβ has been suggested to have a positive impact on AD pathogenesis by facilitating Aβ clearance from the brain [179, 180] . Pro-inflammatory cytokine levels are related to the magnitude of plaque burden in the AD brain, whereas it has also been suggested that the inflammatory response facilitates Aβ production and deposition [181] .
Microglia surrounding Aβ deposits display an activated phenotype and extended processes which envelop the plaque [182, 183] . Microglia interact with fAβ (fibrillar Aβ) through an ensemble of surface receptors composed of the α6β1 integrin CD36, CD47 and the class A scavenger receptor [184] . Evidence indicates that TLRs also function as members of the microglial fAβ receptor complex [185] [186] [187] [188] [189] , and a recent study has demonstrated that Aβ triggers microglial inflammatory mediator production via TLR4-TLR6 heterodimers, whose assembly is regulated by CD36 [190] . Treatment of microglia with AD plaque material induced a strong up-regulation of TLR2, TLR4, TLR5, TLR7 and TLR9 mRNA compared with age-matched plaque-free tissue [188] . In addition, TLR4-deficient mice displayed increases in diffuse Aβ and fAβ deposits compared with WT mice [187] , which correlated with elevated TNF-α, IL-1β, IL-10, IL-17, CD11b and GFAP (glial fibrillary acidic protein) expression, suggesting that TLR4 signalling is involved in AD progression and could be a new therapeutic target for AD [191] . In addition, TLR2 loss exacerbated memory deficits in a mouse AD model, which could be countered by reconstitution of bone marrow from TLR2 WT mice, suggesting that infiltrating leucocytes provide beneficial functions, probably via phagocytic clearance of Aβ [192] . In contrast, in vitro stimulation of microglia lacking CD14, TLR4 or TLR2 could not initiate the signalling cascades required for reactive oxygen species production and phagocytosis in response to fAβ [185] [186] [187] . Another study has determined that TLR4 signalling increases the vulnerability of neurons to Aβ and oxidative stress [193] . Administration of the TLR9 agonist CpG DNA reduced cortical and vascular Aβ levels and negated learning deficits in a mouse APP (amyloid precursor protein) transgenic model [194] . Finally, a recent study has demonstrated that cognitive impairment was less severe in TLR2/TLR4-double-KO mice following Aβ active immunization, which correlated with reductions in pro-inflammatory mediator expression [195] . Therefore, similar to many of the other diseases already discussed, the summation of current evidence suggests that TLRs may either have a positive or negative impact on cellular responses during AD. The outcome of TLR signalling may depend on numerous factors, including plaque burden, the biochemical nature of Aβ and the extent of neuronal pathology; however, all of these possibilities remain speculative at the present time.
MULTIPLE SCLEROSIS
MS (multiple sclerosis) is a chronic and debilitating disease characterized by autoimmune demyelination and progressive axonal degeneration within the CNS. The most widely utilized animal model for MS, EAE (experimental autoimmune encephalitis), has demonstrated a role for PAMPs in inducing clinical symptoms of disease. In particular, early studies established that both mycobacterial components and pertussis toxin were required for disease development following immunization with myelin antigens [196] . Other studies have demonstrated that EAE could be induced without pertussis toxin using multiple injections of myelin components in CFA (complete Freund's adjuvant), which also contains mycobacterial components thought to trigger TLR signalling [197] . Indeed, mice immunized with myelin peptides in the presence of IFA (incomplete Freund's adjuvant) do not develop EAE, but do develop disease when M. tuberculosis is added to the adjuvant [198] . More recently, it has become clear that other adjuvants such as CpG DNA, a ligand for TLR9, can also stimulate EAE induction [198] [199] [200] .
Several studies support a role for TLRs in modulating EAE. First, the TLR2 ligand PGN was shown to stimulate EAE development in conjunction with IFA [201] . In addition, TLR2-KO mice were susceptible to MOG (myelin oligodendrocyte glycoprotein)-induced EAE, whereas mice deficient for MyD88 were resistant to disease development [202] . The resistance of MyD88-KO mice to EAE was determined to be dependent, in part, on TLR9 signalling, since EAE onset was delayed in animals where TLR9 was specifically deleted within the CNS compartment. In addition to resistance to active MOG-induced EAE, MyD88-KO mice were also refractory to EAE following the adoptive transfer of encephalitogenic MOG-specific T-cells, the latter of which bypasses TLR adjuvant signalling [203] . The resistance of MyD88-KO mice during adoptive transfer EAE depended on IL-10 induction, since susceptibility to adoptive transfer EAE was restored in MyD88/ IL-10-double-KO mice. Similarly, adoptive transfer of IL-10-secreting MOG-specific T-cells from MyD88-KO mice was capable of suppressing disease in WT animals, indicating a direct role for MyD88 signalling in dictating the T-cell cytokine phenotype [203] . On the basis of the available evidence, MyD88 signalling may represent a possible target for future MS therapies. However, it should be noted that TLR9-and TLR4-KO mice have been shown to exhibit more severe EAE, which suggests the existence of regulatory roles for both receptors in regulating encephalogenic responses [204] . Additional studies are needed to define the conditions where TLR signalling may either have a positive or negative impact on the course of EAE and mechanisms involved.
SPINAL CORD INJURY
In the U.S.A., the incidence of SCI has been estimated at 12 000 new cases per year [205] . The leading causes of SCIs are motor vehicle accidents, falls, sporting/recreation accidents and violence [206, 207] . Traumatic SCI commonly results from fractured or dislocated vertebrae, which contorts/compresses the spinal cord. Non-traumatic spinal compression can also occur during surgical intervention, tumour invasion or degenerative bone disease [208] [209] [210] . During trauma, axon and myelin damage is delayed 24 to 48 h postinjury; moreover, it has been suggested that this delayed neurodegeneration post-injury could be attenuated by blocking secondary injury cascades, such as ischaemia, excitotoxicity and inflammation [211, 212] . Recruitment of inflammatory leucocytes to the injured spinal cord is a normal physiological response associated with the production of cytokines and proteinases that are involved in host defence and wound repair. Although required for debris scavenging and preparation of the injury site for the proliferative and remodelling phases of wound repair, the physiological functions of neutrophils, macrophages and lymphocytes may, in some cases, also contribute to CNS tissue damage.
Microinjection of the TLR2 agonist zymosan into the spinal cord elicits the production of neurotoxic mediators from CNS macrophages [213, 214] . Although TLR4 signalling also induces macrophage activation within the spinal cord, only TLR2 causes significant axonal and myelin damage [75] [74] . These studies suggest that TLR activation represents a neuroprotective mechanism in the context of SCI; however, the mechanisms of action remain to be elucidated. Currently, we are only beginning to decipher the impact of TLRs and other receptors on SCI pathology and repair, yet the existing literature is clear that TLRs influence post-traumatic inflammation, neuron survival and axon regeneration, and may represent promising targets for modulating SCI to facilitate reparative processes. If we can discern how TLRs control neural and glial progenitor cell fate, it may be possible to utilize these receptors in cell replacement therapy for SCI and other neurological disorders [217, 218] .
TLRs IN NEUROGENESIS, LEARNING AND MEMORY
In addition to their well appreciated roles in initiating inflammatory responses to microbial stimuli, recent evidence has implicated TLRs in CNS cellular repair in adults and development during fetal life in the absence of pathogens. A review [219] has also highlighted the possibility that TLR signalling within the CNS may represent a secondary adaptation to attenuate inappropriate immune responses following acute injury or chronic disease. In this case, TLR action would quell deleterious responses that would interfere with repair processes to promote tissue homoeostasis [219] . In the present review, we summarize the available data on the expression and function of individual TLR family members in the healthy CNS and why TLRs deserve close scrutiny as a novel group of therapeutic targets for CNS disorders. For a more in depth discussion regarding TLRs and neuroplasticity, readers are directed to a recent review that covers this literature more extensively [220] .
Learning and memory
Recent studies have implicated TLR4 in the pathogenesis of cognitive impairment that often accompanies systemic inflammation/bacterial sepsis [221] as well as in AD [76, 187] . Similarly, TLR2 and TLR4 signalling have also been associated with impaired functional outcome after focal ischaemia [76] . A few reports have investigated the connection of TLRs and behavioural/cognitive function, with TLR3 affecting both hippocampal-dependent and -independent behaviours [222] . For example, adult TLR3-KO mice exhibit enhanced hippocampaldependent working memory in a Morris water maze, novel object recognition and contextual fear-conditioning tasks, while demonstrating impaired amygdala-related behaviour and anxiety in the cued fear-conditioning, open field and elevated plus maze tasks [222] . However, intracerebroventricular infusion of a TLR3 ligand impaired working memory, but not reference memory [222] . The mechanisms responsible for the impact of TLR3 on learning and memory remain to be identified; nonetheless, these studies highlight the fact that TLR signalling has an impact on normal homoeostatic responses. It appears plausible that TLR2, TLR4 and TLR8 may influence behaviour/cognitive function since they have been shown to have an impact on NPC proliferation (TLR2 and TLR4) and neuron survival (TLR8). However, additional studies are needed to address this point.
Neurogenesis
NPCs can express immune-relevant molecules, such as cell adhesion molecules, chemokine receptors and inflammatory cytokines, that enable them to functionally interact with an inflamed CNS microenvironment [223] [224] [225] [226] [227] . TLR2 is expressed on cells in areas of the adult brain associated with the generation of new neurons, namely the SVZ (subventricular zone) of the lateral ventricles and the SGZ (subgranular zone) of the hippocampal dentate gyrus [83, 85] . Further examination revealed that both TLR2 and TLR4 are expressed on adult NPCs [228] , and have opposing effects on NPC proliferation and differentiation. Specifically, TLR2-KO mice demonstrated impaired hippocampal neurogenesis, whereas TLR4-KO animals displayed enhanced proliferation and neuronal differentiation. Similar to TLR4-KO mice, TLR3-KO animals exhibited increased hippocampal neurogenesis, in addition to increased hippocampal CA1 and dentate gyrus volumes [222] . Likewise, NPCs from TLR3-KO embryos formed greater numbers of neurospheres compared with WT embryos and the number of proliferating cells were also increased in the cortex of TLR3-KO mice [82] . Since these observations were made in the absence of any known infectious stimuli, it remains to be determined what signals are responsible for these phenotypes following TLR loss. Regardless, these results do highlight the complexity of TLR actions and implies that manipulation of adult stem cells could theoretically be achieved by modulating TLR activity, although this remains highly speculative. Finally, TLR2 or TLR4 activation of NSCs (neural stem cells) induces pro-inflammatory cytokine secretion and suggests that NSCs may be primed to participate in cytokine production during neuroinflammatory or traumatic conditions [228] .
CONCLUSIONS AND OUTSTANDING QUESTIONS
The current evidence to date suggests that TLR-mediated responses can exert either beneficial or detrimental effects, depending on the strength and timing of the TLR-deficient mice demonstrate increases in diffuse Aβ and fAβ deposits [55, 170, 197, 209] activating signal. Yet, the impact of TLRs in the CNS extends well beyond their role in controlling host defence responses. These receptors play important roles in tissue development, cellular migration and differentiation, limiting inflammation and mounting repair processes following trauma (Table 2 ). It appears likely that endogenous ligands are particularly relevant to activate these TLR functions during development or when microbial invaders are not present. Although the ligand(s) responsible for triggering TLR involvement in the absence of infectious insults has not yet been elucidated, it is apparent that these PRRs play a role, at some level, in influencing responses to injury/trauma and subsequent regenerative responses. One point of interest is the apparent 'double edged sword' potential that TLR signalling can exert across several CNS disorders, including infectious as well as non-infectious diseases. This suggests that TLR activation may be subject to rheostat control, where chronic triggers would push the system towards tissue pathology, whereas limited responses would return the system to a homoeostatic balance. Of note, although interrogating the functional role of TLRs using KO mice is useful, it should be acknowledged that the absence of particular TLRs during development may have an impact on later responses in the adult and/or elicit compensatory reactions that are normally not operative. In this case, it would be useful to examine cell-type-specific and/or inducible KO systems to better fine-tune the system and allow a kinetic assessment of receptor activity to be assessed. It is intriguing that similar TLR combinations have been implicated in recognizing diverse infectious agents, which raises the question of how immune responses are tailored for optimal eradication of specific pathogens. One possibility that could facilitate specificity is the paired action of TLRs with other PRRs that, together, dictate a custom secretory response for the particular pathogen in question. Although a few examples exist with regard to TLR co-operativity with alternative PRRs [229, 230] , this issue is relatively underexplored in the context of CNS infection and warrants further investigation.
A related issue that remains unresolved is how TLR responses are tailored to discriminate between PAMPs and DAMPs, and ensure the correct intensity and duration of cytokine/chemokine signalling that is appropriate for the inciting stimulus. Similarly, although mechanisms leading to termination of TLR signalling are beginning to be identified in immune cell populations, not much information is available in this regard in CNS cell types. Examples include molecules that directly interact with intermediates of the TLR signalling pathway to halt the cascade, subcellular compartmentalization and ubiquitination of TLRs to control their activity, and expression of other regulatory molecules such as the SOCS (suppressors of cytokine signalling) proteins [231] [232] [233] . Although much attention has focused on ways to trigger TLR activation within the CNS compartment, it could be argued that a better understanding as to how signals via these receptors are terminated may uncover novel means to manipulate TLR activity during CNS disease.
Another issue that has received scant attention is the impact of TLR action at the BBB. Although some work has been done to demonstrate that systemic TLR3 signalling is required for WNV penetration of the BBB, few studies have examined TLR effects on cells that constitute the BBB. Several TLRs are expressed on rat and human cerebral endothelial cells, including TLR2, TLR3, TLR4 and TLR6, which are significantly enhanced following exposure to oxidative stress or TNF-α [234, 235] . However, the impact of TLR engagement at the BBB remains to be determined, but is expected to be an attractive therapeutic target given the basic requirement for pathogen and immune cell penetration across the BBB during a wide array of CNS diseases.
Manipulation of TLR signalling has immense therapeutic possibility, but at the same time is also fraught with considerable risk. For example, the ability of TLR ligands to trigger adaptive immune responses may identify novel adjuvants and potential for vaccine design and manipulation, yet conversely may also exacerbate underlying inflammatory disorders, such as atherosclerosis and autoimmune diseases. Additional studies addressing these questions within the CNS microenvironment are warranted.
